Study Design. Orientation of the lumbar articular facets at the L1-L5 level was measured and analyzed.
Lumbar isthmic spondylolysis is a defect in the pars interarticularis separating the vertebral arch into ventral and dorsal parts, either unilaterally or bilaterally.
1,2 Strong heredity, repeated trauma and stress, and lumbar hyperlordosis are suggested as possible causative factors. [3] [4] [5] While many studies have explored the relationship between facet architecture (particularly facet orientation and tropism) and degenerative spondylolisthesis, 6 -11 there is a dearth of knowledge regarding the relationship with isthmic spondylolysis. Ward and Latimer 4 demonstrated that normal individuals have a significantly greater increase in interfacet dimensions progressing down the spine from L4 to S1 than those with isthmic spondylolysis. Grobler et al 6 reported that individuals with isthmic spondylolysis manifest reduced transverse articular dimension.
The aim of the current study was to characterize the relationship between articular facet orientations and isthmic spondylolysis in the lumbar spine.
Methods
Measurement of the transverse facet angle of all lumbar vertebrae (T1-L5) was taken from 120 adult male skeletons with normal spines and 115 with isthmic spondylolysis at L5, located at the Hamann-Todd Human Osteological Collection (Cleveland Museum of Natural History, Cleveland, OH) (Figure 1) . The Hamann-Todd Human collection comprises approximately 3000 human skeletons of Caucasian and AfricanAmerican origin, born between 1825 and 1910 (mostly of low socioeconomic status). All lumbar spines with bilateral spondylolysis at L5 were visually identified and isolated. The separated section of the neural arch at L5 was reattached to its original location using adhesive Plasticine. Spines with isthmic spondylolysis were compared to normal spines, and randomly selected to fit the demographic structure (e.g., gender, ethnicity) and body physique (e.g., stature, weight) of the spondylolysis group. Most data were collected from the individual's medical records. Mean age (standard deviation [SD] ) for the isthmic spondylolysis group was 47.9 (13.8) and for the control 49.1 (17.1) (P ϭ 0.20). To control for spinal shape, we excluded from the analysis all individuals with spondylo-arthropathies and suspected abnormal kyphotic or scoliotic spine: the presence of apophyseal abnormalities associated with more than 5°o f anterior wedging in each of 3 adjacent vertebrae established Scheuermann disease 12, 13 ; the presence of more than 3°of lateral wedging in each of 3 adjacent vertebrae defined scoliosis 14 ; and kyphoscoliosis was diagnosed when a combination of anterior and lateral wedging was found within the same specimen.
One vertebra. A special metal device was used to stabilize properly the vertebrae. 15, 16 The vertebra was grasped and pressed toward the body's superior and inferior articular surface, subsequently turned 90°so that the articular body surfaces were located laterally and the vertebral spinous process posteriorly, ensuring easy access to all anatomic landmarks on the vertebra. After calibrating the XYZ coordinates of a fixed origin point to 0, 0, and 0, respectively, the telescopic stylus of the apparatus was positioned at each of the defined anatomic landmarks on the vertebrae. A foot pedal (connected to the Microscribe) was then pressed, entering the data into a previously designed Excel program (Microsoft, Corp., Redmond, WA), thus calculating the defined measurements using inserted formulas. The position resolution and accuracy of the apparatus as defined by the manufacturer are 0.13 and 0.43 mm (mean values), respectively.
Descriptive statistics were carried out for all measurements in all vertebrae. Analysis of variance examined the differences between spondylolytic and normal spines. Before this test, the Kolmogorov-Smirnov test was used to check whether the data were normally distributed. The intraclass correlation coefficient was employed to determine the intratester and intertester reliability of the measurement (repeated measurements of 15 vertebrae). An intraclass correlation coefficient of Ͼ0.75 was considered good reproducibility, Ͻ0.75 poor reproducibility. 
Results
The means and SDs of the transverse facet angle for all lumbar vertebrae are presented in Table 1 . The prevalence of spondylolysis in the Hamann-Todd Human adult (Ͼ20 years) male sample (total 2374) was 4.6%. No significant differences in spondylolysis prevalence were found between the age cohorts (10-year interval), varying from 2.2% to 7.6%. Females were excluded from the current analysis due to small sample size (only 6 females out of 700 manifested isthmic spondylolysis). Both the intratester and intertester reliability for all measurements were very high: intratester 0.96 Ͻ intraclass correlation coefficient Ͻ0.98 and intertester 0.82 Ͻ intraclass correlation coefficient Ͻ0.89. The adhesive procedure did not contribute to the variation of the traits measured (intraclass and interclass correlation varied between intraclass correlation coefficient ϭ 0.94 and intraclass correlation coefficient ϭ 0.89, respectively). Validity was also high (r ϭ 0.98; P Ͻ 0.0001). All P values for the Kolmogorov-Smirnov test were greater than 0.05, indicating normal distribution of all variables. Means in bold are significantly greater (P Ͻ 0.05).
The transverse angles of both superior and inferior articular facets increased from L1 to L5, in both isthmic spondylolysis and normal groups (by 17°to 35°) ( Table  1 ). This change caused a considerable shift in the orientation of the articular facets, from a more sagittal orientation to a more frontal one. The change in orientation was significantly greater (up to 13°at L4) in the isthmic spondylolysis group (right inferior facets) ( Table 1) . At L5, 3 of the 4 articular facets (right and left inferior and right superior) manifested a significantly greater frontal orientation compared to the norm. The number of asymmetrical facet orientation (i.e., facet tropism) in the lumbar spine doubled in the isthmic spondylolysis group (Table 2 ).
Discussion
We demonstrate herein that compared to the norm, the facets of the lower lumbar vertebrae in isthmic spondylolysis are more frontally oriented (i.e., more pronounced on the right inferior side). Lumbar facet orientation is commonly discussed in relation to its biomechanical function or in association with pathologic conditions. In a normal state, the sagittally oriented lumbar facets facilitate anteroposterior movement (flexion and extension of spine) while limiting axial rotation. 17 During flexion and extension, the load on the neural arch, particularly on the pars interarticularis, increases from L1 to L5. 18 In pathologic conditions, the lumbar facets are oriented either more frontally or more sagittally compared to the norm. In degenerative spondylolisthesis, for example, the articular facet joints of the lower lumbar vertebrae are more sagittally oriented than the norm, thus facilitating their forward slippage (spondylolisthesis), particularly in L5. 6 -11 Similarly in isthmic spondylolysis, the more frontally oriented lumbar facets (as evident from the current study) result in a greater amount of joint surface area during sagittal movements (both in flexion and extension) (Figures 2, 3 ). If long enough or repetitive force is applied on these reoriented joint surface areas, fatigue fractures in the shape of isthmic spondylolysis can occur. 3,19 -21 It is essential to point out, however, that isthmic spondylolysis is multifactorial in nature, developing during adolescent life, as indicated by the prevalence of isthmic spondylolysis in the age cohorts and literature. As such, the key point in understanding isthmic spondylolysis is not "which comes first" but, rather, the interaction between the various factors associated with isthmic spondylolysis during growth and development.
These factors may be grouped into 4 clusters: (1) anatomic, namely, size and shape of the vertebrae (e.g., interfacet width 4 ); (2) developmental, congenital, or hereditary in nature (e.g., a congenital disturbance in ossification 22, 23 ); (3) spinal alignment (e.g., pelvic incidence 5 ); and (4) activity, stress intensity and movements (e.g., gymnastic 24, 25 ). Although each cluster may independently enhance mechanical stress on the lumbar vertebra, leading to isthmic spondylolysis, it is the nature and intensity of the interaction between the elements in the 4 clusters that greatly intensify during growth and will eventually determine if isthmic spondylolysis will develop (Figure 4) .
Why are the majority of spondylolytic cases found at L5 if more frontally oriented facets are already seen at L3 and L4? We believe that in isthmic spondylolysis patients, several factors work jointly to elevate the stress on the pars interarticularis of L5. Kapandji 17 established that the pronounced inclination of the superior surface of the first sacral vertebra (S1) causes L5 to slide forward. This sliding mechanism is successfully counterbalanced by the locking mechanism of the lumbosacral joint, actively by the muscles and passively by the shape of the joint and attached ligaments. These 2 counteracting forces (the sliding of L5 and counterforce of the lumbosacrum region) act through a point located at the vertebral isthmus. 17 Excessive frontal orientation of the inferior facets of L5 in isthmic spondylolysis patients (57°on the right side and 56°on the left) tightly binds the vertebral and sacral articular processes (L5-S1 zygapophyseal joint), thereby minimizing forward displacement of the vertebra and intensifying the accumulative stress on the pars interarticularis (due to a larger contact area) ( Figure  3 ). It should be noted that at L5, only in the left superior facet, the transverse orientation was similar in both the normal and spondylolysis group. This, however, reflects a pathologic condition in the isthmic spondylolysis group, as in the normal condition, right and left articular facets differed (i.e., the left was frequently more frontally oriented [47°] than the right [42°]). This asymmetry in facet orientation may facilitate 3-D combined movement in the normal lower lumbar spine. 15 Only in the pathologic condition (isthmic spondylolysis) were both facets similarly oriented (48°and 49°).
Numerous researchers have debated the impact sacral orientation (sacral inclination; pelvic incidence), mechanical, morphologic, and pathologic aspect of the spine. Duval-Beaupere et al, 26 for example, found a significant correlation between pelvic shape and sagittal curves of the spine in a normal population. Labelle et al 5 reported a significantly greater pelvic incidence, sacral slope, pelvic tilt, and lumbar lordosis in spondylolisthesis compared to the norm. These findings support our mechanical interpretation of isthmic spondylolysis. It is hypothesized that during lumbar flexion, the movement of L4 is greatly limited by the frontal orientation of the facets and the local soft tissues (specifically the superior band of the iliolumbar ligament). Therefore, the articular processes of L4 -L5 (i.e., zygapophyseal joint) remain in tight contact leading to increased mechanical stress over the pars interarticularis region of L5 ( Figure  3 ). During extension (i.e., lumbar hyperlordosis), the compressive forces acting on the facet joints of L4 -L5 (already intensified due to frontally oriented facets) from 1 side and the counter-reactive forces acting on the facet joint of L5-S1 from the other side, intensify the shearing force developing in the pars interarticularis of L5 ( Figure  3 ). Additionally, since there is greater joint contact at the L5-S1 joints in isthmic spondylolysis individuals (due to more frontally oriented facets), the mechanical necessity of the iliolumbar ligament to resist the anterior sliding of L5 is diminished, thus further increasing the mechanical stress on the bony restraints (the facets and pars interarticularis region). This stress is probably further intensified during forced flexion and exten- The external circle includes the four major factors associated with ISP (bold) and their components. These factors independently or in combination account for the increased load on the lower lumbar vertebrae and ultimately lead to increased stress (second circle) at the pars interarticularis. During growth (third circle) this stress is being further intensified (expressed as larger arrows) and may ultimately lead to ISP (inner circle). In this model the association between ISP and factors are not unilateral but bilateral (as expressed by the bilateral arrows), indicating the lack of "cause and effect" relationship. The circular format of the model emphasis our concept that there is no dominant factor for ISP (four categories), and that an interaction between the factors components exists.
sion of the spine. Finally, the greater tendency of tropism in facet orientation at the L4 -L5 zygapophyseal joint in isthmic spondylolysis individuals compared to the norm may create a torsional effect on the pars interarticularis, giving the lysis its commonly seen transverse appearance.
Conclusion
Excessive frontal orientation and tropism of the lower lumbar facets are strongly associated with isthmic spondylolysis.
Key Points
• Lower lumbar facets in isthmic spondylolysis are more frontally oriented compared to the norm.
• At L5, 3 of the 4 articular facets manifest a significantly greater frontal orientation compared to the norm.
• Asymmetry in lumbar facet orientation is a characteristic in isthmic spondylolysis.
